A B S T R AC T Two destructive earthquakes, a main shock preceded by a large foreshock, occurred in 1904 in the Balkan region. These events have long been recognized as the largest earthquakes ever recorded in Europe, and the mainshock was assigned a magnitude up to 7.8. The region affected by the shaking straddles the present border between Bulgaria and the Republic of Macedonia, with the immediate epicentral area close to Krupnik in the Struma valley. Neither the surface break nor the source faults of the 1904 events have yet been identified. Using satellite imagery and field observations, we mapped active faults close to, or within, the epicentral area. The most prominent ones are three 20-35 km long normal faults: the Kocani fault in the eastern part of the Republic of Macedonia, and the two neighbouring Krupnik and Bansko faults in south-west Bulgaria. The latter two are the closest to the immediate epicentral area of the 1904 events. Geologic and morphologic observations allow us to estimate the age of initiation (y13 Ma) and the long-term slip-rate (y0.15 mm year x1 ) of the Krupnik fault. The onset and rate of faulting suggest that the region experienced a limited amount of stretching (<10 per cent) during the Tertiary, in conflict with the values (>100 per cent) deduced from regional models involving extension on low-angle detachments faults. Along the Krupnik fault we found a recent 2 m-high scarp that may have formed in 1904. A possible rupture of the Krupnik fault compatible with our observations would account for a moment M o =2.8 10 19 Nm and a magnitude M s =6.9, significantly smaller than the previous estimates.
I N T R O D U C T I O N
On 4 April 1904 a main shock, preceded by a large foreshock 23 min earlier, struck the Balkan and North Aegean regions. Their epicentral area is in the western Rhodope, a mountainous region that was then part of the Ottoman empire and now straddles the border between Bulgaria and the Republic of Macedonia (Fig. 1) . Strong shaking was widespread, including present-day Bulgaria, Serbia, the Republic of Macedonia, Greece, Hungary, Romania, SW Russia and Turkey (Karnik 1968) . The main event has long been considered as the largest shallow earthquake ever recorded instrumentally in Europe. Gutenberg & Richter (1954) assigned a magnitude of M 7.5 to the main shock. Christoskov & Grigorova (1968) used trace amplitudes recorded at 10 stations in Europe and Russia to calculate M s 7.8 for the mainshock and M s 7.3 for the foreshock. However, no fault and fault break have been described as possible sources for the events. Active faults are poorly identified within the epicentral region and its surroundings. Also at larger scale, the tectonic style, the deformation rates and hence the regional seismic hazard are difficult to assess.
Using satellite imagery and published geological information, we compiled the main active faults in the region. After critical revision of earlier maps, we identified and re-mapped several normal faults within and around the epicentral area. We studied the most prominent faults in the field to evaluate longterm slip-rates and to find evidence for recent reactivation. Using the tectonic observations and the macroseismic and seismological data available, we envision possible scenarios for the 1904 sequence. Finally we discuss the larger-scale tectonic implications in relation with the nearby extensional strains in the Aegean.
R E G I O N A L T E C T O N I C S A N D A C T I V E F A U L T I N G
The 1904 earthquakes occurred north of the Aegean Sea where several mountain belts merge: the Dinarides, the Hellenides, the Rhodope and the Balkan (Fig. 1) . The structural trends are outlined by the topography and by the courses of large rivers, such as the Vardar, the Struma (Strimon), the Mesta (Nestos), and the Maritsa. The fabric is almost NS in the Dinarides and in the Hellenides, rather NW-SE in the Vardar suture zone and in the Rhodope, and turns to EW in the Balkan. These belts have formed mainly from late Mesozoic to early Neogene as crustal shortening was taking place between the converging Africa and Eurasia plates (e.g. Dewey et al. 1973 ). The regional Figure 1 . Seismotectonic map of the region struck by the 4 April 1904 Struma earthquakes. Epicentres of the foreshock and main shock (numbered stars) are from Karnik 1968) . Isoseismals of the main shock (dotted grey lines, MSK intensity scale) are from Grigorova & Palieva (1968) . Insert locates main shock within the tectonic framework. Active faults compiled from bathymetry (offshore), geological studies and satellite imagery (onshore). Faults associated with earthquake breaks are outlined in grey. Seismicity from the USGS; fault-plane solutions from Harvard Centroid-Moment Tensor catalogue. The background DEM image is from GTOPO 30. Box outlines the area enlarged in Fig. 2. transect from the internal to the external zones of the orogen (e.g. Jacobshagen et al. 1978) can be summarized as follows. Precambrian and Palaeozoic basement rocks outcrop along the axis of the Balkan and Rhodope belts. In the Rhodope, the basement has been intruded by Tertiary granitoids that crop out in large areas of the massif. South-west of the Vardar suture, fold-and-thrust platform units imbricated with phyllites and ophiolites mark the backbone of the relief in the Dinarides and the Hellenides. Compression prevailed over most of the region until the Neogene and the last shortening event reported in central Bulgaria is of early Miocene age (Zagorcev 1992a) The region appears now mostly under crustal extension and is thought to be the northernmost part of the Aegean stretched domain (e.g. Jackson & McKenzie 1988; Armijo et al. 1996; Burchfiel et al. 2000) . However, as for the Aegean, the age of the onset of normal faulting, the amount of stretching and the driving mechanisms of the extension remain controversial. Some have proposed high stretching rates and large amounts of crustal thinning, either during a single phase of deformation over the last 5 Ma (Jackson & McKenzie 1988) or during a polyphased evolution over the last 25 Ma (Lister et al. 1984; Gautier et al. 1993; Jolivet et al. 1994 : Burchfiel et al. 2000 . Another view has emphasized a two-stage evolution resulting from the recent propagation of the North Anatolian fault into the already slowly extending Aegean domain (Armijo et al. 1996 (Armijo et al. , 1999 . The thickness of the crust provides bounds on the amount of extension in different parts of the Aegean. The deepest parts of the Aegean Sea have a crustal thickness of only 20 km (Makris 1978) and might have experienced more than 100 per cent stretching. Significant stretching is less likely in the eastern and western sides of the Aegean Sea where the crust is 30 km thick close to the coast and even thickens inland (Tsokas & Hansen 1995) . In the Rhodope, where the crustal thickness averages 35-40 km and exceeds 48 km under the highest reliefs (e.g. Foose & Manheim 1975) , more than 10-30 per cent stretching seems unlikely.
A number of faults cut across the belts and have an imprint in the regional topography (Fig. 1) . The faults have sharp traces on the satellite imagery, display typical normal fault morphologies and bound small hangingwall basins filled with Tertiary sediments. The faults are short, a few tens of km long at most, and segmented. In contrast to the large fault systems in central Greece and western Turkey, west and east of the Aegean Sea, the faults north of the Aegean are thus smaller and distributed throughout the region. They strike mostly WNW to EW in Northern Greece and in the Republic of Macedonia where they cut at right angles across the fabric of the Dinarides and Hellenides belts. They strike mostly EW to ESE in Bulgaria and are slightly oblique to the fabric in the Rhodope and the Balkan belts. Overall, however, the fault network and the few well-constrained focal solutions available indicate regional extension directed about NS, like in the northern Aegean (Fig. 1) .
A number of these faults have ruptured during destructive earthquakes with clear surface breaks. For instance, two recent events (Thessaloniki, M s =6.4 in 1978; Grevena, M s =6.6 in 1995) ruptured 10-15 km long normal fault segments in Northern Greece (e.g. Mercier et al. 1979; Meyer et al. 1996) . Two larger events (Plovdiv, M=6.8 and M=7 in 1928) ruptured somewhat longer (20-25 km) fault segments along the Maritsa valley in North-eastern Bulgaria (Richter 1958) . Surprisingly, no significant surface break was documented for the presumably larger 1904 events, although significant faults can be identified in the area most severely shaken.
L O C A L F A U L T S A N D P R E V I O U S O B S E R V A T I O N S O F T H E 1 9 0 4 E A R T H Q U A K E E F F E C T S
Three conspicuous normal faults lie close to the epicentral area (Figs 1 & 2): the Kocani fault in eastern Republic of Macedonia and the Krupnik and the Bansko faults in south-west Bulgaria. The Kocani fault has a total length of about 25 km and is made of two approximately EW segments. The eastern segment outlines the base of a north-facing mountain front dissected by 300-500 m high triangular facets. The Krupnik fault is almost 20 km long and strikes NE-SW on both sides of the Struma River. The fault bounds a NW facing mountain front with 400-metre-high facets. The Bansko fault locates immediately east of the Krupnik fault and has a total length of 30 km. The fault outlines the northern edge of the Pirin and marks a 800 m high NE facing scarp made of prominent triangular facets separated by wine glass valleys. The Kocani fault is more distant than the Krupnik and the Bansko faults from the epicentres of the 1904 shocks. The Krupnik fault is the only one that locates entirely within the epicentral area.
The damage in the epicentral area were reported soon after the events by Hoernes (1904) and Watzof (1905) . Based on these original reports, several isoseismal maps were proposed. Kirov & Palieva (1961) published two isoseismal maps, one for the foreshock and one for the mainshock. However, the time interval between the foreshock and the mainshock (23 min) seems too short to discriminate between their respective effects, and the damage probably result from the combined effects of the two shocks. Grigorova & Palieva (1968) ascribed most of the damage to the mainshock and published a more reliable isoseismal map of the main event. The map was subsequently reproduced by Shebalin et al. (1974) , who added the intensities observed in each locality; information used by Grigorova and Palieva but lacking in their original publication. The lower intensity contours (I<VII) are constrained by more than 200 observations distributed throughout a widespread region (Shebalin et al. 1974) . The higher intensity contours, like the isoseismals VII and X, are fairly well constrained by a significant number of observations, but the isoseismal IX has been interpolated. Specifically, the area of maximum intensity (I=X), which demarcates the immediate epicentral region centred on Krupnik, relies on intensities determined for about twenty villages built on various types of soil and bedrock in either mountains or valleys (Fig. 2) . Hoernes (1904) and Watzof (1905) described many disturbances of the ground surface within the epicentral region but nothing that could be unambiguously ascribed to a fault break. They both reported numerous open cracks in the flat area between the towns of Simitli and Krupnik. Hoernes described cracks several hundred meters long, parallel to the Struma River and possibly due to slumping and landsliding of the river banks. More interestingly, he described EW cracks across the road between Simitli and Krupnik. Many years later, following these observations and the testimonies of old villagers who witnessed the events, Kirov & Palieva (1961) pointed out the possible occurrence of several approximately EW cracks, ascribing to them lengths of tens of meters and a location along the mountain front south of Krupnik and across the Struma River. Kirov & Palieva (1961) also deduced that the Struma River was dammed by the time of the earthquake and that a temporary lake formed east of Krupnik. The contemporary information indicates that landslides and non-tectonic deformation were widely distributed within the epicentral region. Only the later and rather imprecise account by Kirov and Palieva suggested the occurrence of a fault scarp. The scarp would have hence formed along the Krupnik fault, across the Struma valley.
The Krupnik fault separates footwall basement rocks to the south from Neogene hangingwall sediments to the north (Figs 2 & 3) . The Krupnik basin is an asymmetric half-graben filled with several sedimentary units reaching a total thickness of 750 m (Geological Map of the PR of Bulgaria 1990; Zagorcev 1992b). Basal conglomerates containing coal beams and a pollen assemblage of Sarmatian age (13.8 Ma to 10.6 Ma) fill the irregularities of the eroded basement. These are unconformably overlain by a thick unit of Maeotian age (10.6-6.6 Ma) starting with coarse conglomerates grading up to sandstones and clays. The sequence terminates with fluvio-conglomerates that contain mammalian fauna of the MN13 zone which indicates a Late Pontian (6.6-5.4 Ma) to Dacian (5.4-3.6 Ma) age. Since the Dacian, the regional environment has shifted from depositional to erosional conditions with significant lowering of the base-level. The course of the Struma has incised the Neogene sediments of which the uppermost levels are about 200 m above the river. Patches of Quaternary terraces lie unconformably on top of the Neogene beds. The terraces are made of conglomerates a few meters thick and were emplaced during the post-Dacian incision of the basin.
The hangingwall sequence dips consistently SE and abuts against the fault (Fig. 3) . Dips are steeper in the lowermost unit (20-25u) than in the uppermost one (10-15u). The footwall sequence is incomplete, and only the youngest unit seen in the hangingwall is represented. The Pontian-Dacian sediments in the footwall have the same attitude as in the hangingwall but are uplifted and lie unconformably over the basement. The offset of these layers provides an estimate of slip-rate on the Krupnik fault. The base of the Pontian-Dacian unit is cut by the fault at an elevation of y450 m in the hangingwall and is found at y1050 m height in the footwall, which implies a throw-rate of y0.1 mm yr x1 in the past 6 Myr. Assuming uniform throw-rate, the y1.3 km basement step would have formed since about 13 Ma. This age is in good agreement with the age of the basal sediments in the basin. Uniform slip during 13 Ma is also compatible with synsedimentary tectonics and with the progressive tilt of the Neogene beds. Taking an average fault dip of 45u, a value that typifies active normal faults in the seismogenic crust (e.g. Jackson & White 1989) , gives a slip-rate of y0.15 mm yr x1 . In summary, normal faulting initiated possibly in Sarmatian times isolating a NE-SW lacustrine basin to the north of the Krupnik fault. During Maeotian to Dacian times, hangingwall subsidence may have caused progressive infill of the basin while footwall uplift may have prevented significant accumulation of sediments on it. After deposition of the Dacian sediments, erosional conditions have prevailed. Morphologic evidence attest to continuing fault activity during the Quaternary (Fig. 4) . It is north-east of the Struma River where the fault morphology is the clearest and more impressive (Fig. 4) . The mountain front is more than 300 m high, made of trapezoidal facets and capped by the Pontian-Dacian sediments. Natural sections of the fault plane are exposed along tributaries that incise the facets (Fig. 5a) . Near the surface, the fault is steep and dips y60u to the WNW in all the sections. In some places the quaternary conglomerates and /or young debris slope are sliced within the fault zone, attesting to recent episodes of faulting.
The evidence for the most recent fault reactivation is found 2 km north of the Struma River, where a 20u-sloping-facet covered with turf, bushes and trees is disrupted by a bare scarp (Fig. 5b) . The scarp is seen from a distance and can be traced across rivers, rills and intervening ridges for about 4 km along the mountain front (Fig. 4b) . The scarp is about 2 m high and 1-3 m wide. It is made of weathered and schistosed bedrock with a colluvium of washed material along its base. In several places, steep parts (40-50u) remain visible at the contact between uplifted basement and the colluvium below (Fig. 5c) . In a few places, the scarp is made of a steep (60u-70u) cemented fault breccia that marks a bedrock free face (Fig. 5d) . The continuity of the scarp across rills and ridges indicates that it is not a scar associated with a landslide. Given the length of the scarp (Fig. 4) and the shape of the offset slope (Fig. 5e ) it is also unlikely that the scarp could be man made. Thus, the simplest explanation is that the scarp resulted from fault slip during an earthquake. Its freshness, location with respect to the epicentral area of the 1904 events and the absence of other large historical earthquakes in the region strongly suggests that the observed fault scarp formed in 1904.
We did not find a similar scarp along the fault south-west of the river but smaller, discontinuous and more eroded scarps are present there at a few places along the mountain front. For example, we have observed a 20 m long, 1-2 m high, smooth scarp across a small fan located close to the place where the Struma was temporarily dammed after the 1904 events according to Kirov & Palieva (1961) . In contrast to the Krupnik fault, our field investigation did not reveal evidence for recent scarps along the Bansko fault.
D I S C U S S I O N
There are three clear active faults in the epicentral area of the 1904 earthquakes. They have lengths between 20 and 35 km, compatible with M s #7 earthquakes, but not with much larger events. Steep, localized fault planes bounding distinct scarps are typical of actively extending regions. Hidden faults have never been clearly documented in such regions. Blind faulting seems to be a feature of compressional and not extensional regions (e.g. Stein & Yates 1989) . For example, the large normal faulting earthquakes (M=6.5) that struck Greece and Western Turkey in the last 30 years have all occurred on steep faults with clear morphology. It is therefore unlikely that the 1904 earthquake occurred on a large hidden normal fault and our observations cast doubt on the large magnitude estimated by Gutenberg & Richter (1954) .
The Kocani fault lies outside the area of maximum intensity (X). The Bansko fault is partly inside the area of maximum intensity whereas the Krupnik fault is located entirely inside. Evidence for an earthquake scarp that can be attributed to the 1904 event is found only along the Krupnik fault. The scarp might have formed during the foreshock, but the main event should therefore have been associated to a larger break on Figure 3 . Simplified Cenozoic geology of Krupnik area (central box in Fig. 2) . The NE-SW striking Krupnik fault isolates Neogene hangingwall strata (to the north) from a footwall basement high (to the south). The canyon of Struma River is incised in the footwall block. The topography is from 1 : 50.000 scale map (BAGS 1976 ) and the geology is simplified from 1 : 100.000 scale geological map (Razlog sheet, edited by R. Marinova and I. Zagorcev, Geological map of the PR of Bulgaria 1990). Arrows A to B locate the simplified section below. The box outlines the frame of the SPOT enlargement in Fig. 4 . The dashed blue line on the section is the projection of Struma river bed.
the Bansko or the Kocani faults. Our observations make this hypothesis improbable, and we conclude that the Krupnik fault probably hosted the mainshock of the 1904 sequence. Assuming an average fault dip of 45u, a 15 km thick seismogenic crust, and a slip of 2 m on a #20 km long fault, compatible with the field observations yields a seismic moment of M o =2.8 10
19
Nm. Taking the empirical relationship between M o and M s (Ekströ m & Dziewonski 1988) , this corresponds to M s =6.9, a value significantly smaller than the early estimates. This value is close to M s y7.1 listed by Abe & Noguchi (1983b) in their uniform catalogue for worldwide shallow events with M s =7. Abe and Noguchi (1983a,b) demonstrated that the magnitudes of early twentieth century events were significantly overestimated because they were calculated from records made with undamped seismometers. These authors accounted for this bias by applying a systematic correction. More recently, Ambraseys (2001) reappraised the instrumental data concerning the 1904 events. Confirming that the mainshock was overestimated by at least 0.3 units of magnitude, he obtained a value of M s =7.2. Thus both the tectonic observations and the recent seismological studies require a significant downsizing of the 1904 events.
The discrepancy between our estimate and the revised instrumental values can be explained by the uncertainties of each approach. The variance of surface wave measurements for an event with a particular scalar moment is about 0.2 magnitude units (Ekströ m & Dziewonski 1988) . The observations of scarps at the surface may underestimate rupture length, slip and thus seismic moment (e.g. Wells & Coppersmith 1994 ). For instance, a possible 25 km-long rupture with average slip of 4 m on the Krupnik fault would account for an event with M s =7.1.
The Krupnik fault probably hosted the 1904 mainshock, but it is difficult to ascertain the source of the foreshock. The foreshock might have taken place also on the Krupnik fault, on a deep portion of the fault plane. This would have required a seismogenic crust unusually thick (>15 km) for which there is no compelling evidence. The foreshock could also have taken place either on the Bansko fault or on the Kocani fault. The first possibility implies that the rupture did not reach the surface or that the surface break has disappeared during the last 90 years. The hypothesis of a break along the Kocani fault has not been tested in the field. However, examples of earthquakes triggered by stress transfer between contiguous faults would favour the hypothesis of a foreshock along the Bansko fault, which could have triggered the mainshock on the Krupnik fault. This scenario bears similarities to the Plovdiv sequence that broke neighbouring faults along the Maritsa valley on 14 and 18 April 1928 (Fig. 1) . Where ever the foreshock took place, the modest long-term slip-rate on the Krupnik fault suggests that moderate and infrequent earthquakes characterise the regional seismic behaviour.
Our observations also have implications for the extensional history of the Northern Aegean domain. The normal faults in northern Greece and Bulgaria have similar morphologic and geological imprints (Fig. 1) . They barely modify the topography and bound small hangingwall basins filled with late Cenozoic sediments as in the Krupnik basin. The longterm throw-rate (y0.1 mm yr x1 ) and onset of deformation (y13 Ma) deduced for the Krupnik fault are possibly similar in other similar faults. Assuming 10 such faults across a 300 km-long N-S section between Sofia and Thessaloniki (Fig. 1) , and average fault dips of 45u, gives y1 mm yr x1 of extension. This estimate is in good agreement with the few GPS measurements available in Bulgaria and northern Greece indicating less than 2 mm yr x1 of NS extension across the region (e.g. McClusky et al. 2000; Kahle et al. 2000) . Extrapolating these rates over the past 15 Ma would account for at most 5-10 per cent of stretching across the region, a value compatible with the thickness of the crust (35-50 km) under the Rhodope. This contrasts with the view that normal faulting on low-angle detachments faults has been responsible for a considerable thinning of the crust north of and within the North Aegean Sea during the past 25 Myr (e.g. Gautier et al. 1999 and references therein). Specifically, our observations are in conflict with the large amount of stretching (100 per cent) inferred by Dinter et al. (1995) in the southern Rhodope between 16 Ma and 3 Ma.
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